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Abstract. The retrieval of cloud parameters from the atmospheric Sentinel missions require Earth reflectance measurements

from a set of spectral bands. The ground pixels of the involved spectral bands should be fully aligned but when they are not,

a special treatment is required within the operational algorithms. This so-called inter-band spatial mis-registration of passive

spectrometers is present when the Earth reflectance measurements in different spectral bands are captured by different spec-

trometers. The cloud retrieval algorithm requires reflectance measurements in the UV (ultraviolet)/VIS (visible) band, where5

the first cloud parameter (i.e., radiometric cloud fraction) is retrieved from the OCRA (Optical Cloud Recognition Algorithm)

algorithm. In addition, Earth reflectances in the NIR (near-infrared) band are needed for the retrieval of two additional cloud

parameters (i.e., cloud height and cloud albedo or cloud-top height and optical thickness) from the ROCINN (Retrieval of

Cloud Information using Neural Networks) algorithm. In the former TROPOMI (TROPOspheric Monitoring Instrument)/S5P

(Sentinel-5 Precursor) retrieval, a co-registration scheme of the derived cloud parameters from the source band to the target10

band based on pre-calculated mapping weights from UV/VIS to NIR, and vice versa, is applied. In this paper we present a new

scheme for the co-registration of the TROPOMI cloud parameters using collocated VIIRS (Visible Infrared Imaging Radiome-

ter Suite)/SNPP (Suomi National Polar-orbiting Partnership) information. The new co-registration scheme based on the VIIRS

data improves the TROPOMI cloud product quality and allows the addition of cloud information for the first (westernmost)

TROPOMI UVIS ground pixel. The latter practically means that a significant number of valid data points are included to the15

TROPOMI cloud, total ozone, SO2 and HCHO product since November 26th 2023 (orbit 31705), when the new co-registration

scheme became operational. From a comparison analysis between the two techniques, we found that the largest differences

mainly appear for inhomogeneous scenes. From a validation exercise of TROPOMI against VIIRS in the across-track flight

direction, we found that the old co-registration scheme tends to smooth out cloud structures along the scanline, whereas such

structures can be maintained with the new scheme. The need to implement a similar inter-band spatial co-registration scheme20

is foreseen for the Sentinel-4/MTG-S (Meteosat Third Generation - Sounder) and Sentinel-5/MetOp-SG (Meteorological Op-

erational Satellite - Second Generation) missions. In the case of Sentinel-4 instrument, the external cloud information will

originate from collocated FCI (Flexible Combined Imager) data, on board the MTG-I (Meteosat Third Generation - Imager)

satellite.
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Table 1. Spectral information for the TROPOMI spectrometers: The reflectance measurements are organized according to the 8 spectral

bands BD1-BD8 covered by the 4 spectrometers UV, UVIS, NIR and SWIR.

Spectrometer UV UVIS NIR SWIR

Wavelength

range [nm]

267-300 300-332 305-400 400-499 661-725 725-786 2300-2343 2343-2389

Band ID BD1 BD2 BD3 BD4 BD5 BD6 BD7 BD8

Copyright statement. TEXT25

1 Introduction

The operational algorithms for the retrieval of cloud parameters from the atmospheric Sentinel missions make use of Earth-

shine reflectance measurements in the spectral windows of UV, VIS and NIR. Often those reflectances are captured from

different spectrometers. For instance, the TROPOMI payload on board Sentinel-5 Precursor covers four distinct spectrometers

(see Table 1) and each spectrometer of them is split electronically in two bands (i.e., UV-1 and 2, UVIS-1 and 2, NIR-1 and30

2, and shortwave infrared (SWIR) 1 and 2), see Veefkind et al. (2012). Using different spectrometers leads to different ground

pixels for the several bands that are not perfectly aligned, which is called inter-band spatial mis-registration. Although it is

much smaller than between different spectrometers, mis-alignment between ground pixels could also occur within the same

spectrometer (Kleipool et al., 2018). The ground pixel mis-alignment is inter-connected to the across-flight spatial resolution

of UVIS/NIR TROPOMI measurements, which is equal to 3.5 km2 in the center of the swath and in a large area around it.35

The TROPOMI operational cloud algorithms OCRA/ROCINN (Loyola et al., 2018) have a long-standing heritage and

have already been applied operationally to a large number of instruments starting with GOME (Global Ozone Monitoring

Experiment) on ERS-2 (European Remote Sensing Satellite) (Loyola et al., 2010). OCRA/ROCINN, described in Section

2, has been adapted for several follow-up missions including SCIAMACHY (SCanning Imaging Absorption spectroMeter

for Atmospheric CartograpHY) on ENVISAT (ENVIromental SATellite) (Loyola, 2004), the GOME-2 instruments on board40

MetOp-A/B/C (Meteorological Operational satellite) (Lutz et al., 2016), and the EPIC (Earth Polychromatic Imaging Camera)

instrument on the DSCOVR (Deep Space Climate Observatory) satellite, located at the Lagrangian point L1 (Molina García,

2022). Furthermore, OCRA/ROCINN will be applied operationally to the Sentinel-4 instrument.

2 The operational cloud algorithm

The operational processing of cloud products under DLR responsibility is performed using the UPAS (Universal Processor45

for Atmospheric Spectrometers) system. The two-step algorithm used for the UPAS cloud processing makes possible the
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simultaneous retrieval of three cloud properties as described in (Loyola et al., 2018). The first step is to derive the radiometric

cloud fraction fc in the UV/VIS spectral region. The OCRA algorithm retrieves the cloud fraction from the total measured

reflectance by considering that the measured reflectance contains two contributions; one from the cloud-free background and

a second one from the clouds. OCRA requires the clear-sky reflectance maps obtained from the same instrument (Lutz et al.,50

2016). The main assumption of the OCRA algorithm is a wavelength independency of the cloudy spectrum reflectance over

the considered wavelength ranges. This means that the reflectance for a fully cloudy pixel is equal for all considered OCRA

colors, resulting in a "white" scene when the reflectances are transferred to color space. The second step is to retrieve two

additional cloud parameters within the O2 A-band window (Schuessler et al., 2014) using the ROCINN algorithm. By using

the independent pixel approximation (IPA) concept (Cahalan et al., 1994; Chambers et al., 1997), the sun-normalized radiances55

can be expressed as the summation of two components for the cloud-free and cloudy part of the pixel using the retrieved OCRA

cloud fraction (see Equations 1 and 2). Several atmospheric conditions, with and without clouds, are simulated using LIDORT

(Linearized Discrete Ordinate Radiative Transfer radiances) (Spurr, 2006). For the cloudy skies, the simulations are performed

for two different cloud models. The Cloud-as-Reflecting-Boundaries (CRB) model is a simplistic approach which assumes that

the cloud performs as a Lambertian reflector. The retrieved cloud parameters from the CRB model are the cloud albedo Ac and60

the cloud height Zc. Provided that this model contains a cloud which behaves like a simple reflecting boundary and does not

have any geometrical extend, the retrieved height should not be considered as the height of the cloud top but the height at the

radiometric middle of the cloud. A more sophisticated approach, called Cloud-As-Layer (CAL) parameterizes the cloud as a

layer of liquid water particles with their scattering properties derived from the Mie theory (Van de Hulst, 1957; Bohren and

Huffman, 1983). In this model, the cloud has a predefined geometrical thickness. The retrieved quantities are the cloud-top65

height Zct and the cloud optical thickness τc. The following mathematical expressions refer to the simulated CRB and CAL

sun-normalized radiances with Rs being the radiance from the ground and Rc the radiance from the cloud at the wavelength λ:

RCRB
sim (λ) = (1− fc)Rs (λ,θ,As,Zs)+ fcRc (λ,θ,Ac,Zc) (1)

RCAL
sim (λ) = (1− fc)Rs (λ,θ,As,Zs)+ fcRc (λ,θ,τc,Zct,Zcb,As,Zs) (2)

where Zs is the surface height, As the surface albedo, θ the path geometry and Zcb the cloud bottom height, which is fixed at70

1 km below the cloud-top height. Table 2 summarizes the retrieved parameters from the operational cloud algorithm with the

usual abbreviation notation and the corresponding mathematical symbol.

The cloud fraction, estimated by OCRA using image analysis, is a radiometric cloud fraction and does not necessarily match

in all situations with a geometric cloud fraction as defined in the standard IPA.Since OCRA determines the cloud fraction based

on how much the TOA reflectances differ from the expected TOA reflectances under clear-sky conditions, it is not possible75

under all circumstances to discriminate if the TOA reflectance discrepancy is caused by a fully-cloudy scene with small COT

or a partially-cloudy scene with high COT. For limit cases with low COT (<=5), it can be observed that the OCRA radiometric
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Table 2. List of cloud parameters, abbreviations and mathematical symbols referring to the operational cloud algorithm.

Parameter (Abbreviation) Retrieval Algorithm Symbol

Cloud Fraction (CF) OCRA fc

Cloud Height (CH) ROCINN_CRB Zc

Cloud-Top Height (CTH) ROCINN_CAL Zct

Cloud Albedo (CA) ROCINN_CRB Ac

Cloud Optical Thickness (COT) ROCINN_CAL τc

cloud fraction tends to be much lower than the geometric cloud fraction, and this discrepancy tends to be compensated in

ROCINN by retrieving a higher COT value.

In the UPAS environment, LIDORT simulations are parameterized using Neural Networks (NNs) in order to speed up the80

forward model simulations and be able to process in near-real-time (NRT) the large data volume of TROPOMI. For each

input parameter (like Zct, τc etc.), a range is predefined and a large number of samples is generated using the smart sampling

technique (Loyola et al., 2016). Then, the training set for the NN is generated by computing simulated radiances for all the

sampling sets. This part is the most computationally expensive as it requires line-by-line LIDORT calculations but it is only

done once and offline. The accuracy of the NN is assessed by comparing the forward model simulations with samples not used85

in the NN training.

3 Special treatment of the mis-registration within the OCRA/ROCINN algorithm tandem: application on existing

mission

The OCRA/ROCINN algorithm is the operational algorithm for the TROPOMI L2 cloud product within the Sentinel-5 Precur-

sor mission. This section describes the old co-registration approach and introduces the new approach which is implemented in90

addition to the old co-registration scheme for the operational S5P cloud algorithm. The mis-alignment of TROPOMI ground

pixels from the UVIS and NIR spectrometers is illustrated in Fig. 1. The ground pixels of the detector rows 15-25 are shown

for 5 continuous scanlines. Each TROPOMI scanline contains 450 pixels in BD3 and 448 pixels in BD6. In general, the BD6

ground pixels appear shifted towards the East w.r.t. the BD3 ground pixels. The spatial mis-alignment in the across-track di-

rection is not a fixed number but instead it depends on the position in the swath since the ground pixels at nadir are different95

in size than at the swath edges. The ground pixel size is 3.5 km in the center of the swath and in a large area around it, but it

becomes larger towards the edges of the swath due to the Earth’s curvature and the instrument large swath angle. The so-called

binning factors are selected to optimize the signal-to-noise ratio per pixel with the aim to minimize the difference in ground

pixel size in the across-track direction. For the TROPOMI radiance measurements in BD3, BD4 and BD6, which are inputs
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Figure 1. TROPOMI ground pixels for the VIS-1 and NIR-2 spectrometers. The Band IDs for TROPOMI are described in Table 1: BD3

(with blue) refers to VIS-1 spectrometer and BD6 (with red) refers to NIR-2 spectrometer.

to OCRA/ROCINN, a binning factor of 2 is used in the center and in a large region around it resulting to the ground pixel100

size of 3.5 km. At the edges of the swath the binning factor is reduced from 2 to 1 in order to keep the ground pixel size at a

reasonable value. Due to optical limitations of the instrument and the curvature of the Earth, the ground pixel size at the edges

of the swath is about 15 km (KNMI, 2022). The smallest mis-placement in the across-track direction is found at the center of

the swath and it is about half a detector pixel, which is translated to about 1.75 km at nadir. Higher mis-alignment between

BD3 and BD6 ground pixels, which can reach up to about 4 km, is present at the east edge of the swath. The co-registration105

needs to be performed in the across-track direction since there is no mis-match in the in-flight direction. The complementary

instrument, which is used for the treatment of the spatial mis-registration of TROPOMI, is VIIRS on board the Suomi National

Polar-orbiting Partnership. S5P satellite is located at a low Earth orbit (LEO) and crosses the equator in an ascending node

at 13.30 h mean local solar time. This facilitates the so-called loose formation operation with the SNPP spacecraft, with only

3 to 5 minutes time difference from S5P. The spatial resolution of VIIRS at nadir is 750 m. The VIIRS cloud products are110

5



re-gridded to the TROPOMI ground pixels as part of the S5P-NPP Cloud processor (Siddans, 2016). The pioneer methodology

to improve the existing co-registration scheme from the UV/VIS to NIR and the NIR to UV/VIS using collocated imager data

is presented in Sect. 3.3.1 and 3.3.2, respectively.

3.1 Previous treatment of the spatial mis-registration in the operational UPAS system

Due to the spatial mis-registration between the TROPOMI BD3 and BD6 bands, the operational cloud product contains a flag115

called Cloud Co-registration Inhomogeneity Flag (CCIF). This flag is raised after the Cloud Co-registration Inhomogeneity

Parameter (CCIP), which is defined as the weighted averaged gradient of cloud fractions

CCIPj =

∑
i wij |fci − fcj|∑

i wij
, (3)

where the weights wij correspond to the co-registration mapping values between UVIS bands (source, index i) and the NIR

band (target, index j). The wij weights and the fcj cloud fraction in the NIR grid are estimated with the use of the mapping120

tables from (Sneep, 2015) as described below. The CCIF is raised if the CCIP is larger than 0.4. The aforementioned threshold

has been selected based on tests from VIIRS cloud product re-sampled to the TROPOMI spatial grid.

Since UPAS version 2.0, the co-registration method is based on pre-calculated mapping weights (Sneep, 2015) between

BD3 and BD6 as illustrated in Fig. 2. This method for combining information from different bands is based on the fractions of

overlapping areas between the source and target pixels. The weights sum up to a total 1.0 and the most common situation is125

that two source pixels contribute to the target pixel with very few exceptions, which are discussed later in the following Sect.

3.3.1 and 3.3.2. When the co-registration is done from BD3 to BD6, the BD6 target pixels have a difference of 1, 2 or 3 pixels

towards the East direction. When the co-registration is done from BD6 to BD3, the BD3 target pixels have a difference of 1, 2

or 3 pixels towards the West direction.

3.2 Evaluation of OCRA/ROCINN cloud properties for the TROPOMI instrument130

Recent validation studies of the TROPOMI cloud properties against other satellite sensors (i.e., VIIRS, OMI (Ozone Monitoring

Instrument), MODIS (Moderate Resolution Imaging Spectroradiometer)) and the ground-based CloudNet network discussed

the similarities and differences between VIIRS and TROPOMI cloud parameters (Compernolle et al., 2021). The VIIRS geo-

metrical cloud fraction is usually higher than the OCRA radiometric cloud fraction because of the different definition but there

is an analogy between the two cloud fractions. One exception for the positive differences between VIIRS and OCRA cloud135

fraction is the sun-glint region, where the dark ocean is perceived as a bright surface and very often misinterpreted as clouds.

The magnitude of the sun-glint effect and the affected area depends on the smoothness of the ocean, which is determined by the

wind properties over the ocean surface (Cox and Munk, 1954). The operational S5P cloud products include a flag indicating the

occurrence of sunglint. Similarly, the cloud height derived from TROPOMI is usually below the cloud-top height from VIIRS

because the infra-red bands of VIIRS are more sensitive to clouds than the UVN bands from TROPOMI.140
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Figure 2. Weights from the static mapping tables (Sneep, 2015) used in the old co-registration scheme for Sentinel-5P. The upper panel

refers to the mapping from UVIS source band to NIR target band. The lower panel refers to the mapping from NIR source band to UVIS

target band.

The need to handle the spatial mis-registration between TROPOMI UVIS and NIR bands with a more dynamic and advanced

approach was highlighted after the evaluation of OCRA/ROCINN cloud properties for the TROPOMI instrument. Recent inter-

comparison studies between TROPOMI cloud products, with the focus on cloud properties needed for trace gas retrievals,

showed that the co-registration has an impact along the cloud edges (Latsch et al., 2022). The proper co-registration of the

cloud properties is not only required for the improvement of the operational TROPOMI cloud product itself, but for the direct145

impact that clouds have on the accurate retrieval of trace gases including total ozone (Spurr et al., 2021), tropospheric ozone

(Heue et al., 2018), HCHO (De Smedt et al., 2018) and SO2 (Theys et al., 2017).

3.3 Advancement in the co-registration approach with the synergistic use of VIIRS cloud data

VIIRS has a much finer spatial resolution than TROPOMI, which is 750 m at nadir. With this high spatial resolution, VIIRS

captures small-scale cloud structures. VIIRS collects measurements in several spectral windows: VIS/NIR band, mid-IR and150

LW IR, which makes its cloud product more sensitive to optically thin ice clouds.

The VIIRS cloud products are re-gridded to the TROPOMI ground pixels as part of the S5P-NPP Cloud processor (Siddans,

2016). An auxiliary product, which contains cloud information relevant to each TROPOMI ground pixel, can be derived from

observations captured by the VIIRS instrument. This operational L2 auxiliary product is called S5P-NPP Cloud product and
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developed by the Rutherford Appleton Laboratory (Siddans, 2022). In this work, we present how the S5P-NPP cloud data is155

used for the co-registration of the cloud product from BD3 to BD6 and vice versa. The S5P-NPP cloud product accepts as

inputs a set of cloud-related VIIRS EDRs (Environmental Data Records): (a) the CloudMask which is necessary for the co-

registration of OCRA cloud fraction, (b) the CloudHeight EDR mandatory for the co-registration of ROCINN cloud height and

(c) the CloudDCOMP (Daytime Cloud Optical and Microphysical Properties) EDR for the co-registration of ROCINN cloud

albedo/optical thickness.160

The VIIRS Enterprise Cloud Mask (ECM) describes the area of the earth’s horizontal surface that is masked by the vertical

projection of detectable clouds (Heidinger and Straka, 2020). The ECM combines spectral and spatial tests to produce a 4-

level classification of cloudiness of the ECM cloud mask δCM=X
jk , where X is any of the following categories: confidently clear,

probably clear, probably cloudy, confidently cloudy. Apart from solar reflectances in the VIS, the ECM makes use of spectral

channels in the IR that are more sensitive to clouds. The retrieval method is based on a naive Bayesian approach as part of a165

library of machine learning (ML) methods, already successfully applied within Pathfinder Atmospheres Extended (PATMOS-x)

(Heidinger et al., 2012).

For the co-registration of TROPOMI cloud fraction, an equivalent VIIRS cloud fraction Mc can be calculated as the number

of confidently cloudy pixels divided by the sum of all four cloudiness classes:

Mc =
δConfidentlyCloudy

jk

δConfidentlyCloudy
jk + δProbablyCloudy

jk + δConfidentlyClear
jk + δProbablyClear

jk

. (4)170

The expression of the VIIRS cloud fraction Mc has been also calculated by considering the sum of confidently and prob-

ably cloudy classes at the nominator. The difference was minor compared to the definition of Eq. 4 and therefore, the latter

mathematical expression was considered most appropriate.

VIIRS cloud-top height is defined for each cloud-covered Earth location as the set of heights above mean sea level of the

tops of the cloud layers overlying the location (Heidinger et al., 2020). The Cloud Height Algorithm (ACHA) has already been175

applied for the retrieval of the cloud height property from several sensors like MODIS and GOES-16/17 (US Geostationary

Operational Environmental Satellite R-series) ABI (Advanced Baseline Imager). ACHA makes use of only infrared channels

in order to provide consistent products for both day and night time as well as the terminator conditions. It uses an analytical

radiative transfer model embedded into an optimal estimation retrieval approach (Rodgers, 2000). The primary retrieved cloud

property is the cloud-top temperature and, at a later step, the cloud-top pressure and cloud-top height are derived from the180

atmospheric temperature profile based on the Numerical Weather Prediction (NWP) data. For the co-registration of ROCINN

CRB cloud height and ROCINN CAL cloud-top height, the cloud-top height variable in the EDR CloudHeight can be directly

used. VIIRS cloud-top height is denoted as HUV
c in the UVIS ground pixel and HNIR

c in the NIR ground pixel, respectively.

VIIRS cloud optical thickness is defined as the optical thickness of the atmosphere due to cloud droplets, per unit cross

section, integrated over every distinguishable cloud layer and all distinguishable cloud layers in aggregate, in a vertical column185

above a horizontal cell on the Earth’s surface (Walther and Straka, 2020). The COT together with the Effective Particle Size

and Liquid/Ice Water Path are the cloud properties retrieved from the Daytime Cloud and Optical and Microphysical Properties
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(DCOMP) algorithm (Walther and Heidinger, 2012). The DCOMP algorithm works not only for VIIRS but for more sensors

with observations in VIS and NIR. So far, it has been applied to the geo-stationary satellites SEVIRI (Spinning Enhanced

Visible and InfraRed Imager), GOES R-series, MTSAT (Multifunctional Transport Satellites) and HIMAWARI and the polar-190

orbiting satellites NOAA-AVHRR (Advanced Very High Resolution Radiometer) series and MODIS. The retrieval approach

is based on solving the radiative transfer equation for a single-layered, plane-parallel homogeneously distributed cloud. The

retrieval originates from earlier methods that also retrieve cloud optical depth and cloud effective radius from visible and

near-infrared wavelengths (King, 1987; Nakajima and King, 1990a, b).

For the co-registration of ROCINN CAL cloud optical thickness, the COT variable in the EDR CloudDCOMP can be directly195

used. For the co-registration of the cloud albedo, the following approximation conversion formula is used to bring the VIIRS

cloud optical thickness (τc) to an equivalent cloud albedo (Ac) (Loyola, 2013; Kokhanovsky and Mayer, 2003):

Ac = 1− 1

1.072+0.75τc (1− fg)
(5)

with fg being the constant for water clouds equal to 0.85 and the other constant numbers derived from semi-empirical

formulas (Kokhanovsky and Mayer, 2003). Similar conversion is required for the re-gridding of VIIRS cloud optical thickness200

to the TROPOMI ground pixels within the S5P-NPP Cloud processor, but there the cloud optical thickness is converted to an

effective transmission (see Eq. 29 in Siddans (2016)).

3.3.1 New scheme for the co-registration of OCRA cloud fraction from UV/VIS to NIR

OCRA uses the reflectances from the UV/VIS spectral region and the co-registration is therefore done from the UV/VIS source

band to the NIR target band. We denote with index j the row in the NIR grid and with index i the row in UV/VIS grid.205

The most common situation is that two UV/VIS source pixels contribute to the NIR target pixel as demonstrated in Case A

of Fig. 3. When those UV/VIS pixels from the imager have different cloud fraction values, the weight (γ) for the jth target pixel

is calculated according to the following mathematical formulation:

γ [j] =
MNIR

c [j]−MUV
c [i+1]

MUV
c [i]−MUV

c [i+1]
, (6)

with the cloud fraction Mc derived from Equation 4. Then, the cloud fraction at the jth target pixel is computed as:210

fNIR
c [j] = γ [j] fUV

c [i] + (1− γ [j]) fUV
c [i+1] (7)

In case the neighboring UV/VIS pixels from the imager have equal cloud fraction values, the weight calculation is simplified

as:

γ [j] =
MNIR

c [j]
MUV

c [i]
. (8)
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Figure 3. Co-registration of OCRA Cloud Fraction from UV/VIS to NIR: The UV/VIS ground pixels are denoted with the blue boxes and

the NIR ground pixels with the red boxes. The dashed vertical lines compose a grid for illustration purposes. Case A (left diagram) shows

the typical situation of 2 source pixels contributing to the target pixel, (b) Case B (middle diagram) shows the exception of 1 source pixel

contributing to the target pixel and (c) Case C (right diagram) shows the exception of 3 source pixels contributing to the target pixel.

Special treatments need to be considered for cases with only partial overlap between source and target band. For example,215

in TROPOMI there is only partial overlap between the source and target band at the east part of the swath, as shown in Fig. 4.

Therefore, the last target pixel of every scanline has the contribution of a single source pixel as illustrated in Case B of Fig. 3.

The weight calculation for this pixel is done similarly to Equation 8, and the co-registered cloud fraction is then expressed as:

fNIR
c [j] = γ [j] fUV

c [i] . (9)

Other exceptions might refer to pixels affected by a binning change, where the binning factor changes from 2 to 1 (see Sect.220

3). For TROPOMI, the binning change at the East edge of the swath, which occurs at the target pixel number 19 of every

scanline, creates a special case of three BD3 pixels contributing to the target BD6 pixel. Case C diagram of Fig.3 demonstrates

this special situation where the calculation of two weighting factors is required; one between the (i− 1)
th and ith pixel defined

as γ1 and a second one between the ith and (i+1)
th pixel defined as γ2.

γ1 [j] =
MNIR

c [j]−MUV
c [i]

MUV
c [i− 1]−MUV

c [i]
(10)225

γ2 [j] =
MNIR

c [j]−MUV
c [i+1]

MUV
c [i]−MUV

c [i+1]
(11)
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Figure 4. TROPOMI ground pixels for Bands 3 and 6 at the east edge of the orbit. Provided that the mis-match is only in the across-track

direction, the horizontal magenta lines of BD3 overlap with the horizontal black lines of BD6.

with the final co-registered cloud fraction at the target NIR pixel expressed as following:

fNIR
c [j] =

1

2

[
γ1 [j] fUV

c [i− 1]+ (1− γ1 [j]) fUV
c [i]

]
+

1

2

[
γ2 [j] fUV

c [i] + (1− γ2 [j]) fUV
c [i+1]

]
. (12)

The binning factor change at the West edge of the swath does not create any exceptions (see Fig. 2) but falls into the typical

Case A of two BD3 source pixels contributing to the BD6 target pixel.230

Notice that the cloud fraction co-registration using VIIRS input is applicable to cloud scenes where MUV
c contains different

values in the adjacent contributing pixels, as the weight computation from Equation 6 is numerically impossible in scenes where

MUV
c [i] = MUV

c [i+1]. This precludes the applicability of the new approach to VIIRS fully cloudy scenes. Due to this limitation,

the calculation of independent weighting factors for each cloud parameter, based on different VIIRS input, is required. The

co-registration of the ROCINN cloud height becomes possible also under fully cloudy scenes if the respective γ-factor is235

computed from VIIRS cloud top height HNIR
c inputs.

3.3.2 New scheme for the co-registration of ROCINN cloud parameters from NIR to UV/VIS

ROCINN retrieves the additional cloud parameters in the Oxygen A-band of NIR (source band with index j). However, the

trace gases are derived in a different band and need the cloud information in UV/VIS (target band with index i). When the

co-registration takes place from NIR to UV/VIS, the most frequent scenario is that two source pixels contribute to the target240

pixel as shown in Case A of Fig. 5. Following Equation 6, the weight for the ith UV/VIS target pixel is then calculated as:

11



Figure 5. Co-registration of ROCINN Cloud Height from NIR to UV/VIS: The NIR ground pixels with the red boxes and the UV/VIS

ground pixels are denoted with the blue boxes. The dashed vertical lines compose a grid for illustration purposes. Case A (left diagram)

shows the typical situation of 2 source pixels contributing to the target pixel, (b) Case B (middle diagram) shows the exception of 1 source

pixel contributing to the target pixel and (c) "No-Overlap" Case (right diagram) shows the special situation of the 0th BD3 target pixel present

in TROPOMI.

γ [i] =
HUV

c [i]−HNIR
c [j+1]

HNIR
c [j]−HNIR

c [j+1]
(13)

Then, the cloud-top height at the target pixel is expressed as:

ZUV
c [i] = γ [i]ZNIR

c [j] + (1− γ [i])ZNIR
c [j+1] . (14)

The upper mathematical expressions are valid along the scanline. However, for every sensor there might be exceptions and245

thus adaptations. For TROPOMI, such exceptions can be spotted from Fig. 2 at (a) BD3 target pixel 21, which is fully covered

by the BD6 source pixel 19 (see also Fig. 1), (b) BD3 target pixel 1, where there is partial overlap with the BD6 source pixel 0,

and (c) BD3 target pixel 0, where there is no overlap with any source pixel (see also Fig. 6). The first two exceptions fall into

Case B of Fig. 5 and follow the mathematical formulations from Equations 8 and 9:

γ [i] =
HUV

c [i]
HNIR

c [j]
. (15)250
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Figure 6. TROPOMI ground pixels for Bands 3 and 6 at the west edge of the orbit. Provided that the mis-match is only in the across-track

direction, the horizontal magenta lines of BD3 overlap with the horizontal black lines of BD6.

ZUV
c [i] = γ [i]ZNIR

c [j] . (16)

The last exception of the BD3 target pixel 0 has been treated independently since there is lack of overlap between the BD6

source and BD3 target pixels. A graphical illustration of this scenario is shown in "No-Overlap" Case of Fig. 5. The cloud

information from VIIRS imager can be used for the reconstruction of the cloud parameters at the S5P BD3 target pixel 0. The

basic principle is that VIIRS and TROPOMI cloud data are interconnected and therefore, each point from the VIIRS dataset255

can be mapped to the respective TROPOMI point. The adjacent 15 pairs
(
HUV

c [i],ZUV
c [i]

)
, i ∈ [2,17] are used to create the

mapping function:

ZUV
c = fZc

(
HUV

c

)
≈ αHUV

c +β (17)
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The mapping function for the cloud-top height fZc can be well approximated with a linear regression model. Therefore,

first the mapping function is found for each scanline and then the value at the target pixel 0 is estimated as ZUV
c [i = 0] =260

fZc

(
HUV

c [i = 0]
)
. One example scene of the TROPOMI BD3 target pixel 0 is shown in Fig. 7 where it is shown that the "No-

Overlap" approach does not introduce inconsistencies or outliers. Notice that since this additional information for TROPOMI

BD3 target pixel 0 originates from the VIIRS instrument but scaled to TROPOMI values, the quality of the data depends on

how accurately the VIIRS/TROPOMI mapping functions have been constructed. This particularity is reflected into the QA

(Quality Assurance) value scheme by adding a penalty for the first TROPOMI BD3 ground pixel (Loyola et al., 2023).265

The co-registration of the other ROCINN parameters at the target pixel 0 is possible after finding the mapping function fAc

and fτc for the cloud albedo and cloud optical thickness, respectively. Those functions are approximated with the use of one

linear and one logarithmic model (Loyola et al., 2023).

4 Application to TROPOMI/S5P with collocated VIIRS/Suomi-NPP data

The new approach has been evaluated using several means of comparison and validation. The VIIRS product has been re-270

gridded to the TROPOMI ground pixels for the following six test days: 2018-09-09 (orbits 04691-04704), 2019-09-11 (orbits

09898-09911), 2020-09-11 (orbits 15091-15104), 2020-09-26 (orbits 15303-15316), 2021-04-11 (orbits 18098-18111) and

2021-09-11 (orbits 20269-20282).

4.1 Evaluation of the new approach

The new approach has been applied on top of the old scheme to ensure that the co-registration is still performed with the275

static mapping tables when there are no VIIRS data available. The new scheme is in principle not applicable on the following

situations: (a) when TROPOMI or VIIRS pixels contain fill values, (b) when the neighboring VIIRS pixels contain equal values,

leading to numerical errors at the weight calculations, (c) when the weight calculation results in values outside the expected

range. Another special case, where the new approach for the CF co-registration is not applicable, is when all three VIIRS BD3

pixels are equal MUV
c [j− 1] = MUV

c [j] = MUV
c [j+1], while S5P BD3 pixels are different fUV

c [j− 1] ̸= fUV
c [j] ̸= fUV

c [j+1]. The280

combination of both schemes ensures that the cloud product contains as many data as possible.

4.1.1 Overview of comparisons between the two schemes

Note that OCRA cloud fraction must be co-registered to NIR with the fallback for VIIRS fully cloudy scenes (i.e., when

VIIRS cloud fraction at both BD3 and BD6 is equal to 1). Therefore, the VIIRS-based scheme is expected to be used for the

co-registration of the OCRA cloud fraction in about 30% frequency. The average frequency differs slightly from day to day285

but it can be considered rather stable when there is VIIRS data availability. The co-registration from NIR to UVIS for the

ROCINN parameters is performed with the new scheme with an average frequency of about 70% for the ROCINN CAL cloud-

top height (same applies to ROCINN CRB cloud height) and with an average frequency of about 55% for the ROCINN CAL

cloud optical thickness (same applies to ROCINN CRB cloud albedo). As seen from the co-registration flag of the ROCINN
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Figure 7. Co-registration of ROCINN Cloud Height from BD6 to BD3 using VIIRS first pixel: example scene. Ground pixels in the source

NIR band are indicated with the black frames and the UVIS ground pixels are highlighted with the magenta frames. Notice that (a) the CTH

TROPOMI NIR (original parameter) does not contain values in the first magenta ground pixel and (b) the co-registered CTH TROPOMI

UVIS and original CTH TROPOMI NIR maps are very similar, demonstrating that the new co-registration scheme does not introduce

inconsistencies. Compare visually the CTH TROPOMI and CTH VIIRS in UVIS and observe that the cloud top height values can be very

different in absolute numbers but the new co-registration scheme does not alter the original cloud structures.

CAL cloud optical thickness in Fig.8 (same applies to ROCINN CRB cloud albedo), the new scheme is only applicable up to a290

certain latitude and the pixels around the poles are co-registered with the fallback. The only reason for this limitation is that the

VIIRS cloud optical thickness originates from the CloudDCOMP EDR (see Section 3.3) which does not contain valid points

in high latitudes.

Figures 9, 10, 11, 12 and 13 present the scatter between the old and new approach for the co-registered parameters, after the

mapping and without any filtering, for one of the days. High correlation coefficients are found for all cloud parameters. For295
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Figure 8. RB color global maps presenting the co-registration flag of day 2018-09-09 for the ROCINN CAL cloud optical thickness: Red

color shows the co-registration with the use of VIIRS data and Blue color shows the co-registration with the fallback. The new scheme is

applicable for the ROCINN CAL cloud optical thickness for about 55% of the total pixels.

Figure 9. The co-registered cloud fraction for the new versus the old scheme: analysis refers to 22625910 number of pixels without applying

any filtering for the day 2019-09-11. The CF scatter plot (left panel) shows the co-registered new fNIRnew
c in the x-axis versus the co-registered

old fNIRold
c in the y-axis. The CF difference scatter plot (right panel) shows the CF difference ∆fc = fNIRnew

c − fNIRold
c in the x-axis versus the

old cloud fraction fNIRold
c in the y-axis.
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Figure 10. The co-registered ROCINN CRB cloud height for the new versus the old scheme: analysis refers to 17719758 number of pixels

without applying any filtering for the 2019-09-11. The CH CRB scatter plot (left panel) shows the co-registered new ZUVnew
c in the x-

axis versus the co-registered old ZUVold
c in the y-axis. The CH CRB difference scatter plot (right panel) shows the CH difference ∆Zc =

ZUVnew
c −ZUVold

c in the x-axis versus the old cloud fraction fNIRold
c in the y-axis. Notice that there are no data points below fNIRold

c < 0.05 as this

is considered the lower threshold for ROCINN CBR triggering.

Figure 11. The co-registered ROCINN CAL cloud-top height for the new versus the old scheme: analysis refers to 17719758 number of pixels

without applying any filtering for the 2019-09-11. The CTH scatter plot (left panel) shows the co-registered new ZUVnew
c in the x-axis versus

the co-registered old ZUVold
c in the y-axis. The CTH difference scatter plot (right panel) shows the CTH difference ∆Zc = ZUVnew

c −ZUVold
c in

the x-axis versus the old cloud fraction fNIRold
c in the y-axis. Notice that there are no data points below fNIRold

c < 0.05 as this is considered the

lower threshold for ROCINN CAL triggering.
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Figure 12. The co-registered ROCINN CRB cloud albedo for the new versus the old scheme: analysis refers to 17719758 number of pixels

without applying any filtering for the 2019-09-11. The CA scatter plot (left panel) shows the co-registered new AUVnew
c in the x-axis versus

the co-registered old AUVold
c in the y-axis. The CA difference scatter plot (right panel) shows the CA difference ∆Ac = AUVnew

c −AUVold
c in

the x-axis versus the old cloud fraction fNIRold
c in the y-axis. Notice that there are no data points below fNIRold

c < 0.05 as this is considered the

lower threshold for ROCINN CRB triggering.

Figure 13. The co-registered ROCINN CAL cloud optical thickness for the new versus the old scheme:analysis refers to 17719758 number

of pixels without applying any filtering for the 2019-09-11. The COT scatter plot (left panel) shows the co-registered new τUVnew
c in the x-axis

versus the co-registered old τUVold
c in the y-axis. The COT difference scatter plot (right panel) shows the COT difference ∆τc = τUVnew

c −τUVold
c

in the x-axis versus the old cloud fraction fNIRold
c in the y-axis. Notice that there are no data points below fNIRold

c < 0.05 as this is considered

the lower threshold for ROCINN CAL triggering.
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the cloud fraction of Fig. 9, we find that there is less scatter below the identity line than above the identity line. Pixels of fully

cloudy conditions (i.e., with cloud fraction 1) in the old scheme have been differentiated in several cases; the cloud fraction

obtains lower values with the new scheme as shown at the scatter plot of the CF differences (see right panel in Fig. 9). This

means that outliers have been completely or partially removed. For the partly cloudy pixels (i.e., fNIRold
c < 1), some symmetry

of the ∆fc differences is observed. The cloud height CRB and cloud-top height CAL are scattered symmetrically around the300

identity line as can be seen from Figs. 10 and 11, respectively. Notice that the density of data points above 15 km for CH

CRB is significatly reduced compared to the respective CTH from ROCINN CAL model. This is expected due to the different

cloud model definitions (i.e., ROCINN CRB versus ROCINN CAL) and it is still maintained with the new co-registration. The

largest ∆Zc differences are observed for the small cloud fractions. Likewise for the CA shown in Fig. 12, symmetry around

the identity line is observed at the CA scatter plot and the largest ∆Ac differences are observed for the small cloud fractions.305

On the contrary, some asymmetry is observed at the cloud optical thickness in Fig. 13 with the scatter below the identity line

being much higher than the scatter above the line. The respective analysis for the rest of the days lead to similar findings.

The ROCINN CAL absolute differences ∆Zc between the two co-registration schemes in a global scale are shown in Fig.14.

The differences are exactly zero when VIIRS data are not available because the co-registration is done with the fallback.

Examples of VIIRS data unavailability (i.e., missing granules or entire orbits) are shown in green ellipsoids on the map. The310

global maps for the differences of the other cloud parameters support further the following conclusions:

– The differences are not systematically present in certain regions but rather spread everywhere.

– There is not a latitudinal dependence.

– Viewing geometry dependencies are not present.

4.1.2 The first westernmost UVIS TROPOMI ground pixel315

The use of VIIRS data made possible the reconstruction of cloud information for the first (westernmost) TROPOMI ground

pixels in the UVIS grid (see "No-Overlap" case of Fig. 5). The benefit of making use of the VIIRS cloud information to fill in

the first UVIS ground pixel is two-fold: (a) the apparent advantage of reducing the "gap" between two adjacent orbits by one

ground pixel and (b) the actual retrieval of tropospheric and stratospheric trace gases which require the knowledge of cloud

parameters. The data gaps between two adjacent orbits are expected around the equator because the Earth has its maximum320

circumference there. The effect is a combination of the limitations of TROPOMI swath width together with the inclination and

altitude of S5P satellite’s orbit. With the new co-registration scheme, those gaps are decreased by approximately 15 km after

the addition of meaningful cloud data in the first UVIS ground pixel (see Fig. 15). The approach seems to work smoothly for

all cloud types since the cloud heights of the first UVIS ground pixels are well harmonized with the neighboring ones. Similar

conclusions can be drawn for all the rest cloud parameters.325

The air mass factor (AMF) calculation was evaluated for the total vertical column densities (VCDs) of formaldehyde

(HCHO), ozone (O3), and sulfur dioxide (SO2) in the first UVIS ground pixel. The plot in Fig. 16 depicts the total verti-
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Figure 14. Daily global maps with comparisons between the two co-registration schemes: the ROCINN CAL absolute differences ∆Zc in

the UVIS grid are shown for the six available days.

cal column of ozone, where in most cases we see an additional column of O3 data and the data agree very well with the

neighboring column. This smooth transition is found for all cloud fractions, as shown in Fig. 17. In the selected area, there are

cloudy and cloud free pixels, as well as partly cloudy pixels. Even in the partly cloudy pixels, the O3 columns agree well with330

the neighboring ones. For HCHO and SO2 retrievals, the VCDs look smooth and reasonable for this additional row. For SO2,

the detection algorithm could even identify elevated VCDs at the first row and flag them with volcanic origin. In Fig. 18, we

can see the SO2 column densities after the Sierra Negra volcanic eruption. In the selected area, the pixels from the additional

first row highlighted with a red frame have been automatically flagged as "volcanic".
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Figure 15. Two adjacent orbits displaying the co-registered cloud-top height at the UVIS grid using the static LUTs (left panel: "Old co-

registration") versus using VIIRS data (right panel: "New co-registration"). The gaps between the adjacent orbits are reduced with the addition

of meaningful cloud data at the first UVIS ground pixels.

4.2 Further evaluation in the across-track flight direction335

An extensive investigation of the co-registration scheme impact on the cloud fraction in the across-flight direction has been

performed. As expected, the major improvements have been identified at heterogeneous scenes in the vicinity of local minima

and maxima. Usually, the co-registered value is closer to the one retrieved at the original band when using the new scheme. So

far, we have seen that the co-registration process with the static mapping tables tends to smooths out structure which appears

initially at the original band. When the co-registration is done based on the VIIRS data, the cloud structure is maintained simply340

because it is captured by the VIIRS-based weighting factors. The co-registration impact can be larger in inhomogeneous scenes

with relatively small cloud fractions; a small fluctuation of the cloud fraction at a low cloud fraction results in a large fractional

difference. An example of a single scanline at longitude range [-34.7, -34.1] is presented in Fig. 19. The improvement with

the new scheme is shown in points A-B-C around longitude -34.5 degree. The OCRA cloud fraction at the original BD3

has the same value at BD6 after the co-registration in point A. In other words, both co-registration schemes agree with the345

value obtained at the original band. However, the drop of the cloud fraction at point B demonstrates the importance on the
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Figure 16. The total ozone column for the scene of Fig. 17. The total ozone column for the first row looks smooth w.r.t. the adjacent rows.

Figure 17. The radiometric cloud fraction from the ROCINN CRB model is used as an input parameter for the cloud correction in the ozone

OFFL algorithm.
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Figure 18. The SO2 column density for a scene of the Sierra Negra volcanic eruption. Pixels highlighted with the red frames in the first

detector row are detected with volcanic origin. The detection algorithm for volcanic SO2 seems to work well for the additional first row as

some pixels are flagged as volcanic.

co-registration scheme selection. The co-registered value obtained with the new scheme at point B is closer to the original

one of BD3 than with the old scheme. In Table 3, an absolute difference of 0.04 is found between the two schemes, which at

first does not seem significant. However, due to the low original cloud fraction of 0.13, a fractional difference of 30% seems

to be introduced just by using a different co-registration. Another important aspect at point B is that the cloud fraction gets350

below 0.2 with the new scheme. A cloud fraction of 0.2 is usually considered the cut-off threshold of clear sky versus partially

cloudy to obtain clear sky series of tropospheric trace-gas concentrations (Liu et al., 2021). The cloud fraction with the old

co-registration was 0.21, which would mean that trace-gas retrieval for point B will be triggered with the new co-registration

scheme. Similar improvement is found at points D-E-F between longitude range [-34.3,-34.2]. At point D, both co-registered
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Figure 19. Inhomogeneous scene with low TROPOMI cloud fraction: the new co-registration scheme has a considerable positive effect at

local minimum (e.g, points B and F) or maximum (e.g., point E). The data refer to 2020-09-11, orbit 15099, scanline 1820, pixels 268-285.

cloud fractions are equal to the original one. But at point E, the new co-registered cloud fraction is 16% lower than the original355

value. At this point E, when co-registration is done with the old scheme the fractional difference is 32%. Even more interesting

is the situation at point F where the original value is extremely low at 0.01. There, the selection of the co-registration scheme

will determine the activation of ROCINN algorithm. The new co-registered value is still below 0.05, which is the threshold

currently used to continue with the ROCINN retrievals of the remaining cloud parameters. Therefore, the use of VIIRS in the

cloud co-registration process can act as a tool to remove existing cloud outliers.360

A second interesting scene with scattered clouds close to the Brazilian Coast line is presented in Fig. 20. At longitude

around -36.10, the cloud fraction obtained in BD3 was equal to 0.96. This is a scene over ocean with the effect of sun-glint. An

enhanced TROPOMI cloud fraction is generally expected under sun-glint geometry, and this is a possible reason that OCRA

cloud fraction is found larger than VIIRS; VIIRS gives a 0.72 cloud fraction in both bands. The old co-registration scheme

moves the cloud fraction closer to VIIRS. Nevertheless, the new co-registration seems to reflect better the original BD3 cloud365

fraction of 0.96 to a 0.94 BD6 cloud fraction.

Investigation of the co-registration scheme impact on the cloud-top height in the across-flight direction has been done too.

In general, similarly to the cloud fraction, the largest impact is shown at the inhomogeneous scenes at the local maxima and

minima. At first, the new co-registered cloud-top height is closer to the one obtained with ROCINN CAL at the original BD6

band. Two examples are shown in Fig. 21 at points A and B, with the new co-registered cloud-top height being approximately370
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Table 3. Cloud fraction values at the original BD3 and the co-registered BD6 with both new and old techniques. The latitudes (first column)

and longitudes (second column) refer to points A-B-C-D-E-F of Fig. 19.

Latitude (pixel) Longitude (pixel) ORIGINAL BD3 CO-REGISTERED NEW BD6 CO-REGISTERED OLD BD6

-4.667 (A) -34.53 (A) 0.31 0.31 0.31

-4.655 (B) -34.48 (B) 0.13 0.17 0.21

-4.649 (C) -34.44 (C) 0.22 0.18 0.18

-4.617 (D) -34.29 (D) 0.24 0.24 0.24

-4.612 (E) -34.25 (E) 0.31 0.26 0.21

-4.602 (F) -34.21 (F) 0.01 0.04 0.06

Figure 20. Inhomogeneous scene with high TROPOMI cloud fraction but with small horizontal extend. This could be considered a "single-

cloud" scene where the new co-registration is preferable at local maximum because S5P BD6 new cloud fraction agrees better with S5P BD3

cloud fraction. The data refer to 2020-09-11, orbit 15099, scanline 1820, pixels 219-230.

300 m higher than the old co-registered value and in both cases closer to the original values. The cloud-top heights at the

original BD6 were 7600 m and 9400 m at points A and B respectively. After the co-registration, we could approximate the

BD3 cloud-top height at point A by taking into account the two contributing pixels: with the old scheme was approximately
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Figure 21. Inhomogeneous scene with two local maxima at points A and B where the new co-registration scheme has a positive impact on

the ROCINN CAL CTH at BD3. The data refer to 2020-09-11, orbit 15099, scanline 2820, pixels 107-120.

6600 m (the contributing pixels had CTH values of about 7200 m and 6000 m) and with the new scheme was about 6900 m

(the contributing pixels had CTH values of about 7500 m and 6300 m). At point B, the co-registered CTH at BD3 with the375

new scheme was approximately 9300 m (both contributing pixels had CTH values of about 9300 m) and with the old scheme

was about 9000 m (contributing pixels had values of about 8700 m and 9300 m). We see that the advantage of using the VIIRS

re-gridded data for the ROCINN cloud height co-registration is that small-scale cloud structures can be introduced back to the

TROPOMI UVIS CTHs, while with the old co-registration approach they were smoothed out.

4.3 Evaluation in the along-track flight direction: comparisons against CALIPSO overpasses380

The evaluation of the new co-registration scheme in the along-track direction for the cloud-top height parameter was done

using the independent instrument CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) which is part of the CALIPSO

(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) payload. CALIPSO satellite was launched in April 2006

in formation with the CloudSat satellite as part of the A-Train constellation of satellites (Winker et al., 2003, 2004, 2007).

For 12 years, it maintained a sun-synchronous orbit with an altitude of 705 km and inclination of 98.2° crossing the equator385

each day at around 1:30 pm solar time. After September 2018, it was moved to a lower orbit together with CloudSat, part of

the C-train approximately 688 km above the Earth’s surface (Atkinson, 2018). CALIOP was a two-wavelength (i.e., operating

at 532 nm and 1064 nm) polarization-sensitive lidar that provided high-resolution vertical profiles of aerosols and clouds.
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Figure 22. Comparison of the CTH for TROPOMI, VIIRS and CALIPSO for mid-latitudes in the northern hemisphere over the Pacific

ocean. The TROPOMI orbit 04691 for day 2018-09-09 is collocated with the CALIPSO measurements from the 2018-09-09T00-47-39ZD

overpass.

CALIOP could identify cloud and aerosol layers down to the level in which the lidar signal was totally attenuated. Frequently,

the atmosphere contained multi-layer clouds limiting the lidar capabilities and making the cloud retrievals in such conditions390

more challenging (Liu et al., 2020). Even though CALIOP could provide the cloud information with the fine spatial resolution

of 1 km, in this study the spatial resolution of 5 km in the Level 2 cloud layer information (Version 4) was used.

CALIPSO overpasses have been collocated to the TROPOMI orbits. The TROPOMI/CALIPSO collocation method is de-

scribed in the Appendix A. An example comparison at mid-latitudes of the northern hemisphere over the Pacific ocean is

presented in Fig. 22. This is quite representative for the comparison between the three instruments. Good agreement between395

all is seen for the low maritime clouds with a cloud-top height lower than 2 km. For medium and high clouds, we observe differ-

ences between TROPOMI and CALIPSO, while those differences should also depend on the phase of the detected clouds. The

ice clouds are not well represented in the forward model of TROPOMI and some bias could originate from the mis-treatment

of clouds with a liquid water scattering model. Moreover, in TROPOMI we do not have any special treatment for the scenes

with multi-layer clouds and this is another source for differences to be expected. Nevertheless, the focus of this study is on the400

improvements that could arise from the new co-registration scheme alone. Two cases are presented in the following Figs 23 and
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Figure 23. Comparison of the CTH for TROPOMI, VIIRS and CALIPSO for the tropics in the northern hemisphere over the Pacific ocean.

The TROPOMI orbit 04704 for day 2018-09-09 is collocated with the CALIPSO measurements from the 2018-09-09T23-51-57ZD overpass.

24. In general, the differences due to the co-registration (comparison between green and pink lines) are small. The largest im-

provement is seen when the cloud structure, introduced by the use of VIIRS data, results in a better agreement with CALIPSO.

In Fig. 23, the small peak (highlighted by the circle A) appearing in the CALIPSO data is seen in the TROPOMI data only

when the new co-registration is used. The pink line is flat around 16 deg latitude North, meaning that the old co-registration405

smooths this cloud structure and the impact on the CTH is an absolute difference of about 2 km compared to the new scheme.

Similarly, in another example shown in Fig. 24, there are two peaks (A and B) around 15.5 deg latitude North in the CALIPSO

data. None of them is present in the TROPOMI data with the old co-registration (pink line). When the new scheme is used, the

peak C appears approximately at the same latitude with CALIPSO peak B. At point C, the absolute difference between the two

co-registration methods is approximately 800 m.410

5 Conclusions

The existence of collocated cloud information from VIIRS allowed the improvement of TROPOMI cloud properties through a

better treatment of the spatial mis-alignment between UVIS and NIR ground pixels. The new scheme is applied on top of the old
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Figure 24. Comparison of the CTH for TROPOMI, VIIRS and CALIPSO for the tropics in the northern hemisphere over the Pacific ocean.

The TROPOMI orbit 04703 for day 2018-09-09 is collocated with the CALIPSO measurements from the 2018-09-09T22-13-01ZD overpass.

static mapping tables. The improvement on the TROPOMI data quality together with the optimizations of the co-registration

scheme are summarized in the following bullets:415

– From the daily scatter plots, we saw that under fully cloudy conditions (i.e., with cloud fraction 1 in the old scheme)

the co-registered cloud fraction obtains lower values with the new co-registration scheme. Moreover, several partly

cloudy pixels have been characterized as cloud-free with the new co-registration scheme. Therefore, the new scheme

can be effective in removing some outliers. The ROCINN CRB cloud height and CAL cloud-top height are scattered

symmetrically around the identity line, while some asymmetry is observed at the cloud optical thickness with the scatter420

below the identity line being much higher than the scatter above the line.

– The largest cloud height differences between the two co-registration schemes were found for the lower cloud fractions

over inhomogeneous scenes.

– From the daily global maps showing the differences between the two schemes, we excluded systematic differences

present in certain geographical regions. In addition, we haven’t found any latitudinal or viewing geometry dependency.425
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– The cloud information from the complementary sensor (e.g., VIIRS for the TROPOMI co-registration) allows the re-

construction of the ROCINN retrieved parameters on the first westernmost UVIS ground pixel. The addition of this first

pixel had primarily reduced the existing gaps between two adjacent orbits around the equator. Moreover, column infor-

mation of UVIS trace gases is successfully retrieved for this first pixel, with a positive initial feedback for the accuracy

of those retrievals for total ozone and tropospheric SO2. An example scene in a day with a volcanic eruption showed that430

the detection algorithm for flagging SO2 pixels with volcanic origin seems to work well for the additional first ground

pixels.

– From the validation of TROPOMI against VIIRS in the across-track flight direction, the general conclusion is that the

old co-registration scheme tends to smooth out local maxima and minima along the scanline. This is quite important

finding because the original cloud parameter loses some structure which could be re-constructed through the use of the435

VIIRS data. This finding is valid for the cloud fraction and the cloud-top height.

– We identified cases where the co-registered value agrees better with the original value at the source band when the new

technique is used. This is true for the co-registration of the cloud fraction from UVIS to NIR but also for the cloud-top

height co-registered from NIR to UVIS.

– From the validation exersice of TROPOMI against CALIPSO, we found cases with better agreement with CALIPSO440

when using the new co-registration scheme. The agreement refers exclusively to the CTH structure in a qualitative

manner. Quantitative comparison against CALIPSO CTHs would not be appropriate because there is a systematic bias

in TROPOMI CTH associated with the lack of ice cloud parameterization in the forward cloud model and the treatment

of multi-layer clouds.

The new co-registration scheme has been incorporated into the operational processing system for S5P. The latest UPAS445

processor version 2.6 has been effective starting from 2023-11-26, orbit 31705. Once S-4 has been launched, a similar approach

will be used for the treatment of the spatial mis-registration, using collocated FCI data.

Data availability. The S5P Level-2 CLOUD product refers to UPAS Version 2.4 and can be accessed from the Copernicus Data Space

Ecosystem search tool (https://dataspace.copernicus.eu/). The S-NPP VIIRS data mapped to the Tropomi grids for band 3, 6, and 7 are also

available in the Copernicus Data Space Ecosystem search tool. The re-gridded S5P-NPP cloud data in BD3 and BD6 for the test days are not450

publicly available since this dataset was explicitly built to support the development of the new co-registration scheme. The L2 cloud layer

"CAL_LID_L2_05kmCLay-Standard-V4-20" Version 4-20 data product has been used (NASA/LARC/SD/ASDC, 2018). Data generation

and distribution of this V4.20 product ended on July 1, 2020 to support a change in the operating system of the CALIPSO production clusters.

The V4.21 data product covers July 1, 2020, to June 30, 2023.
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Figure A1. TROPOMI ground pixels at BD3 grid (black color) and CALIPSO overpass measurements (red color). One or even two CALIPSO

data points can fall into the TROPOMI BD3 ground pixel. Every TROPOMI ground pixel contains two numbers; the first refers to the scanline

and the second to the pixel id. The CALIPSO measurements are identified directly with the geographic coordinates.

Appendix A: Collocation method for TROPOMI and CALIPSO455

Fig. A1 visualizes the CALIPSO overpass measurements within the TROPOMI ground pixels in BD3 grid. The TROPOMI/-

CALIPSO collocation method is based on finding the smallest distance dmin between a CALIPSO measurement and the center

of TROPOMI ground pixel in the vicinity of CALIPSO measurement. The following computational steps are performed:

– The CALIPSO latitude (ϕC) and longitude (λC) coordinates define the search grid with a step of 0.1◦ in the latitude

dimension and 0.05◦ in the longitude dimension.460

– For every TROPOMI ground pixel within the search window [ϕC − 0.1,ϕC +0.1], [λC − 0.05,λC +0.05], the distances

dC between the CALIPSO geographic coordinates and the center coordinates of each TROPOMI ground pixel (ϕT, λC)

are calculated based on Equation A1.

dC = 2atan2
(√

α,
√
1−α

)
R, (A1)

where R is the Earth’s radius (R = 6378137 m at the equator). Define as ∆ϕ= rad(ϕT −ϕC) and ∆λ= rad(λT −λC) the465

difference of geographic coordinates between TROPOMI and CALIPSO. Then, the α parameter of Equation A1 can be
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calculated as:

α=

(
sin

∆ϕ

2

)2

+

(
sin

∆λ

2

)2

cos(rad(ϕT))cos(rad(ϕC)) . (A2)

– Finally, the TROPOMI ground pixel with the smallest distance dmin =min(|dC|) w.r.t. the CALIPSO measurement is

accepted as the most successful collocation between the two instruments.470
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